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Abstract 

We propose a technique, to be used for time-resolved pump-probe experiments, 
for timing an x-ray free electron laser (XFEL) to a high-power conventional laser 
with femtosecond accuracy. Our method takes advantage of the same electron 
bunch to produce both an XFEL pulse and an ultrashort optical pulse with the help 
of an optical radiator downstream of the x-ray undulator. Since both pulses are 
produced by the same electron bunch, they are perfectly synchronized. Application 
of cross-correlation techniques will allow to determine relative jitter between the 
optical pulse (and, thus, the XFEL pulse) and a pulse from an external pump-laser 
with femtosecond resolution. Technical realization of the proposed timing scheme 
uses an optical replica synthesizer (ORS) setup to be installed after the final bunch- 
compression stage of the XFEL. The electron bunch is modulated in the ORS setup 
by an external optical laser. Subsequently, it travels through the main undulator, 
and produces the XFEL pulse. Finally, a powerful optical pulse of coherent edge 
radiation is generated as the bunch passes through a long straight section and a 
separation magnet downstream of the main undulator. Our study shows that at 
a moderate (about 10%) density modulation of the electron bunch at the location 
of the optical radiator allows production of high power x-ray and optical pulses. 
Relative synchronization of these pulses is preserved by using the same mechanical 
support for both x-ray and optical elements transporting radiation down to the 
experimental area, where single-shot cross-correlation between optical pulse and 
pump-laser pulse is performed. We illustrate the potential of the proposed timing 
technique with numerical examples referring to the European XFEL facility. 
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1 Introduction 



Time-resolved experiments are used to monitor time-dependent phenom- 
ena. In typical pump-probe experiments a short probe pulse follows a short 
pump pulse at some specific delay. Femtosecond capabilities have been 
available for some years at visible wavelengths jly. However, there is a 
strong interest in extending these techniques to x-ray wavelengths, where 
one could directly probe structural changes with atomic resolution. This goal 
will be achieved with the realization of x-ray free electron lasers (XFELs) 
10,0,3]. In their initial configurations, XFELs will produce radiation pulses 
with duration of about a hundred femtosecond, which will allow time- 
resolved studies of transient structures of matter on the time-scale of chem- 
ical reactions. 



One of the main technical problems for the realization of pump-probe ex- 
periments is the relative synchronization of radiation pulses from XFEL and 
optical laser. Both x-ray and optical pulses are subject to time-jitter. In an 
XFEL, radiation is produced by an electron bunch travelling through an un- 
dulator. The budget for time jitter of the electron bunch starts to accumulate 
from the photo-injector laser system. Extra source of jitter is constituted by 
fluctuations of the electron energy, which transform to time jitter in mag- 
netic bunch-compressors. The pump-laser itself has an intrinsic time jitter 
caused e.g. by mechanical vibrations in the laser oscillator or electrical-noise 
in the stabilization electronics. 



There exists a tendency for straightforward solution of the problem by 
means of implementation of a precise synchronization system at XFELs, 
aiming all clocks and triggers within the facility to be perfectly synchronized 
Once this is done, temporal resolution of pump-probe experiment 
will be defined by the synchronization system plus intrinsic time-jitter of the 
pump-laser system. However, precise synchronization on a kilometer-scale 
facility is a rather challenging task, and it is not clear, at the moment, what 
will be the overall practical accuracy limit for the synchronization of XFEL 
pulses to pulses from external lasers. 



Approaches based on generation of two coherent radiation pulses of differ- 
ent colors by the same electron bunch passing through two distinct insertion 
devices have been proposed in |@, §]. Intrinsic feature of these schemes is 
an ideal mutual synchronization of the radiation pulses. With careful de- 
sign of the optical transport system from source to sample it is possible 
to reach femtosecond level of synchronization. One of the schemes, using 
far infrared and VUV radiation pulses is being experimentally realized at 
FLASH, the free-electron laser in Hamburg (lOfl. 
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Recently, an alternative concept has been proposed for realization of pump- 
probe experiments with XFEL pulses and powerful optical pulses from 
external lasers [ Tllll^ . The basic idea is to shift the attention from the prob- 
lem of absolute synchronization to the problem of measurement of relative 
jitter between x-ray and optical pulses. If a relative delay is known for each 
pump-probe event, a sorting of results according to measured delay times 
gives the required experimental outcome. In this paper we propose a concept 
of time-arrival monitor allowing measurement of a relative delay between 
XFEL and optical pulses on a femtosecond time scale. Our scheme makes 
use of the same electron bunch to produce both an XFEL pulse and a power- 
ful laser-like (bandwidth-limited and diffraction-limited) optical pulse. The 
latter is generated downstream of the x-ray undulator, and will be naturally 
synchronized to the XFEL pulse. Relative synchronization is preserved by 
using the same mechanical support for optical elements transporting x-ray 
pulse and optical pulse down to the experimental area. There, single-shot 
cross-correlation between the optical pulse and the pump-laser pulse can 
be performed yielding, effectively, the temporal delay between XFEL pulse 
and pump-laser pulse. 

Implementation of the proposed scheme for pump-probe experiments into 
the project of the European XFEL [2] is described in detail. We show that it 
naturally fits into the project. A modulation at optical frequency is imprinted 
onto the electron bunch using the optical replica synthesizer (ORS) setup 
fl3|l that will be installed after the final beam compression stage at the 
energy of 2 GeV. Subsequently, electrons travel through the main undulator 
and radiate the XFEL pulse. Finally, the presence of a long straight section 
and a separation magnet downstream of the main undulator serve as optical 
radiator, where the modulated electron bunch produces a powerful pulse 
of coherent edge-radiation. 

The proposed arrival-time monitor can be realized without the addition of 
specific hardware in the accelerator and undulator tunnels, and requires 
minimal efforts. The applicability of the present scheme is not restricted 
to the European XFEL setup. Other projects, e.g. the LCLS or SCSS facility 
Hi/ may benefit from our proposal too. 



2 Timing system description 



A basic scheme of the timing system is shown in Fig. 1. Discussions in this 
paper focus on design and parameters (see Fig. 2) of the SASE 1 line of the 
European XFEL, operating in the wavelength range around 0.1 nm. Main 
elements of the timing system are energy modulator (constituted by seed 
laser and undulator modulator), dispersion section and radiator. 
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Fig. 1. Scheme for pump-probe experiments with XFEL pulses and pulses produced 
by an external laser. Operation of the scheme is based on production by the electron 
bunch of an optical pulse naturally synchronized with the XFEL pulse. Relative 
synchronization is preserved by using the same radiation transport system to the 
experimental area. The optical pulse is then used to monitor the delay time between 
pump and probe by correlating it with the pump laser. 

The energy modulator (see Fig. 3) is located after the second bunch com- 
pressor (BC2), where the electron energy is about 2 GeV. A laser pulse at 
wavelength A = 400 nm is used to modulate the electron energy at the 
same wavelength. The duration of the laser pulse is chosen to be about 1 
ps, much longer than the time-jitter of the electron pulse (a fraction of a pi- 
cosecond) to avoid synchronization problems. The energy of the laser pulse 
is about 0.5 mj. Laser beam is focused onto the electron beam in a short 
modulator undulator, with a number of periods N w = 5, resonant at the 
seed laser wavelength A = 400 nm. Energy modulation with an amplitude 
of about 0.5 MeV is achieved due to interaction with the electron bunch in 
the modulator undulator. Subsequently, the electron bunch passes through 
the dispersion section with momentum compaction R 56 - 15[im, where the 
energy modulation induces a density modulation at the seed-laser wave- 
length. With parameters discussed above, the density modulation reaches 
an amplitude of about 5%. Following the dispersion section the bunch is 
accelerated up to the energy of 17.5 GeV in the main accelerator, it passes 
trough the collimator system and is directed to the SASE 1 x-ray undulator. 

A high-current (5 kA) electron beam is transported through the XFEL 
linac, and it is therefore mandatory to include self-interaction effects in 
our analysis. During the passage of the bunch through the accelerator, the 
initial density modulation produces an energy modulation due to longitu- 
dinal impedance caused by space-charge fields. If the collimation system is 
properly tuned, such energy modulation can induce further modulation in 
density. Calculations presented in Section 3 show that exploitation of self- 
interaction mechanisms allow one to deliver, at the entrance of the SASE 1 
undulator, an electron bunch with a 10% density modulation, and negligible 
energy modulation. 
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The SASE FEL process in the baseline undulator is not perturbed by such 
level of density modulation: fluctuations of the electron current density 
serve as input signal for the radiation amplification process, which develops 
nearly in the same way as with an unmodulated electron bunch. As a result, 
at the exit of the SASE 1 undulator the electron bunch produces the nominal 
x-ray pulse. 

Finally, after the SASE 1 undulator, the modulated electron bunch passes 
through a long straight section followed by a separation magnet, which 
separates the electron bunch from the SASE pulse. Due to the presence 
of the combination of straight section and separation magnet, the electron 
bunch emits an optical pulse of coherent edge radiation at the wavelength 
of the bunch density modulation. Such an optical pulse carries about 10 12 
photons (order of a microjoule) and is delivered in a bandwidth-limited and 
diffraction-limited pulse. 

Summing up, combination of an optical modulator after magnetic bunch 
compressor BC2 and optical radiator after the baseline undulator will allow 
to produce a powerful laser-like optical pulse at the entrance of the photon 
beamline. This laser-like pulse is naturally synchronized with the electron 
bunch and thereby with the x-ray pulse. Thus, the problem of measuring the 
time-shift between a pump-laser pulse and a (x-ray) probe pulse is reduced 
to the problem of measuring the time delay between two ultrashort optical 
pulses, which may be solved with standard techniques. 

Contrarily to the x-ray pulse, which is peaked on-axis, the edge-radiation 
pulse is peaked in the forward direction at an angle of a few tens of micro- 
radians. The distance from the separation magnet to the first (x-ray) mirror 
station is about 300 m. According to calculations presented in Section 4, the 
diameter of the spatial distribution of edge radiation at this distance will be 
about 3 cm, which fits with the aperture of the photon beamline. 

Relative synchronization of x-ray and optical pulses must be preserved 
during propagation to the experimental area. The best way to do so is to 
use the same mechanical support for both optical elements transporting 
the x-ray pulse and optical elements transporting the optical pulse. For 
example, optical elements for the transportation of edge-radiation may be 
directly assembled on the x-ray mirrors. After passing through the transport 
system, the edge-radiation pulse will reach the experimental area, where a 
single-shot cross-correlation measurement with the pump-laser pulse can 
be performed. In reference |14J1 the possibility of extracting the temporal 
shift between pulses from two ultrashort laser pulses was experimentally 
demonstrated. The method was based on sum-frequency generation in a 
non-linear crystal. The intrinsic accuracy of this technique was shown to be 
within the femtosecond range. Successful measurements of the time-offset 
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Fig. 2. Integration of the time-arrival monitor in the European XFEL setup makes 
use of the Optical Replica Synthesizer (ORS). The ORS is used to imprint density 
modulation onto electron beam. Optical radiator is the combination of straight-sec- 
tion and separation magnet after the SASE 1 undulator which produsese powerful 
optical pulse of coherent edge radiation. 
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Fig. 3. The Optical Replica Synthesizer (ORS) will be used to superimpose density 
modulation at optical wavelength on the electron bunch. First, energy modulation 
is created by letting a laser interact with the bunch inside a modulation undulator. 
Second, a dispersion section (magnetic chicane) induces the desired density mod- 
ulation. The radiator undulator, used in optical-replica ultrashort electron bunch 
diagnostics, is switched off during operation of the arrival-time monitor. 

signal were performed even when one of the two pulses was very weak 
(down to 10 6 photons per pulse). 



3 Operation of the optical modulator 



The modulator to be used in our scheme is the optical replica modulator 
[jl3l], which consists of three elements (see Fig. 3): an optical seed laser, a 
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modulator undulator and a dispersion section (magnetic chicane). The ra- 
diator undulator shown in Fig. 3, used in optical-replica ultrashort electron 
bunch diagnostics, is switched off during operation of the arrival-time mon- 
itor. The seed laser pulse interacts with the electron beam in the modulator 
undulator, which is resonant with the laser wavelength A. As a result, the 
electron bunch is modulated in energy. In the following dispersion section 
the energy modulation induces a density modulation at the optical wave- 
length. 

The dispersion section is designed to produce an energy dependence of the 
particles path length bz = R^by/yQ, where by is the energy deviation of a 
particle in units of the rest mass, bz is the deviation from the path length 
of an electron with nominal energy yo in units of the rest mass, and R56 
is the compaction factor of the dispersion section, by and bz may assume 
positive or negative values, while R 56 > 0, the dispersion section being 
a chicane. Suppose that at the entrance of the chicane we have an initial 
energy modulation. Then, in units of the rest mass, the energy deviation of 
each particle due to this energy modulation is given by (Ay), sm(\p), where 
ip = co[z/v z (yo) - 1] is the modulation phase, with v z the longitudinal velocity 
of a nominal electron, and co = 2nc/A, c being the speed of light in vacuum. 
Here (Ay), is the amplitude of our small (|(Ay),|/y <s 1) energy modulation 
taken with its own sign. At the exit of the chicane we may express the current 
as I = Io[l + a, cos(i/;)]. Here lo is the unmodulated electron beam current, 
and a, is the amplitude of our small (|a,| «: 1) density modulation, also taken 
with its own sign. 

Neglecting collective effects, the amplitude of density modulation at the exit 
of the chicane, a„ approaches [1511 



#56 (Ay); 

a\ = — exp 



A 



7o 



1<W>*§6 

2 



A 2 



(1) 



1 /9 

where ((by) 2 ) is the rms uncorrelated energy spread of the electron bunch 
in units of the rest mass, and A = A / (2n) is the reduced modulation wave- 
length. In the case of the European XFEL (see [2], Fig. 2 and Fig. 3) yo — 4- 10 3 , 
corresponding to an energy of 2 GeV, ((by) 2 ) - 2, corresponding to 1 MeV 
rms uncorrelated energy spread, (Ay), - 1, corresponding to 0.5 MeV mod- 
ulation, and A = 400 nm, corresponding to the second harmonic of a Ti:Si 
laser. A value Rss 30/rni leads to a modulation amplitude a, 0.1. Note 
that in this case the exponential suppression factor in Eq. (1) is about 0.98, 
and can be practically neglected. 

If collective effects could be neglected during the transport of the bunch, 
one could propagate the 10% initial density modulation up to the radiator, 
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accounting for velocity bunching and, possibly, for the presence of a non- 
zero compaction factor at the collimation section . In this case, estimations 
would remain within the framework of single-particle dynamics. Tuning 
the energy in the optical seed laser pulse, one may easily achieve a final 
modulation af = 0.1 at the optical radiator entrance. 

However, collective effects strongly influence the modulation process in 
our jitter-monitoring scheme. In other words, the problem of propagation 
of the induced beam density modulation through the setup depicted in Fig. 
2 is a problem involving self -interactions. As the bunch progresses through 
the linac, the modulation of the bunch density produces an energy mod- 
ulation due to longitudinal impedance caused by space-charge field. This 
process is complicated by the fact that, due to the presence of energy and 
density modulation, plasma oscillations can develop. One should account 
for these facts in order to quantify energy and density modulation before 
the collimation section. Then, in the collimation section, the energy modu- 
lation induces extra-density modulation due to non-zero compaction factor. 
Finally, longitudinal space-charge impedance is responsible for further en- 
ergy modulation and further plasma oscillations during the passage of the 
beam in the main undulator. As a result, the initial beam modulation, in 
energy and density, will be modified by the passage through the setup. In 
order to study the feasibility of our scheme one needs to estimate what 
modifications will take place. 

At the entrance of the accelerator, the density modulation amplitude is given 
by flj, and the energy modulation amplitude by (Ay),-. Due to energy mod- 
ulation, particles undergo a phase shift, with respect to the phase i/>, which 
is responsible for a change in the density modulation along the acceleration 
section. Also the energy modulation is a varying function of z because of the 
presence of longitudinal space-charge forces. Indicating with a(z) and with 
Ay(z) the density and energy modulation amplitudes along the accelerator 
we may write 



da = 1 Ay(z) 

dz A y 3 (z) ' { ' 

where, additionally, the relativistic Lorentz factor of the bunch, y(z), ac- 
counts for the acceleration process. Eq. (2) can be directly derived from Eq. 
(1) substituting a, and (Ay), with a(z), and Ay(z), neglecting the exponen- 
tial suppression factor due to uncorrelated energy spread, remembering 
that the compaction factor for a free-space section of length 5z is given by 
R 5(> = 6z/(Ay 2 ), and taking the limit for bz — > 0. 

One can estimate the derivative of Ay(z) along the XFEL linac using results 
from papers studying microbunching instabilities like jig ]. We can write: 
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d(Ay) = _^ a{z) hd\A (3) 

dz Zq Ia dz 

where Z(z, co) is the longitudinal impedance induced by space charge, Z is 
the free-space impedance, expressed in the same units of Z, and I a — 17 kA 
the Alfven current. 

The longitudinal impedance induced by space charge in free space was 
studied in the case of an electron bunch with finite transverse profile in 
ll^r 18]. In that reference we gave analytical expressions for the impedance in 



the steady state limit, which can be easily generalized in the case of adiabatic 
acceleration, when A(dy 2 /dz) = 2Ay(dy/dz) «. 1. The adiabatic acceleration 
limit can always be used in our case. Assuming a constant acceleration 
gradient dy/dz = g - 25m" 1 (see |0]), we have 2Ay(dy/dz) 0.01 for y = 
4 • 10 3 , corresponding to the lowest energy of 2 GeV, and 2Ay(dy/dz) 0.1 
for y = 3.5 ■ 10 4 , corresponding to the highest energy of 17.5 GeV, whereas 
the largest effects due to longitudinal impedance are expected in the first 
part of the acceleration process. Then, using results in |18|] , which are valid 
for a Gaussian transverse distribution of the electron bunch, we find that 
Eq. (3) can be written as 



d(Ay) 
dz 



a(z) J, 
Hyo + gz) 2 1 



-exp 



(y + gz) 3 A 2 



T 



0, 



(y + gzfA 2 



(4) 



Here T is the incomplete gamma function, /3 is the average betatron function 
in the accelerator, and e n is the normalized emittance. 



The system of coupled differential equations constituted by Eq. (2) and Eq. 
(4) should be solved with given initial conditions a(0) = a, and Ay(0) = (Ay), 
at the entrance of the accelerator in order to obtain density and energy mod- 
ulation at the entrance of the collimator. Such system of equations accounts 
for plasma oscillations of the electron bunch in the limit for adiabatic ac- 
celeration, with the help of a longitudinal impedance averaged along the 
transverse direction. A more detailed analysis of space-charge waves per- 
formed as a function of the transverse coordinates (i.e. without averaging 
the longitudinal impedance) is given in |jl9l], where we studied the problem 
of plasma oscillations for an electron bunch with arbitrary transverse profile 
going along a straight section with uniform motion. 

We assume an average betatron function of about /3 = 25 m along the main 
accelerator and a normalized emittance e n = 1.4 mm-mrad (see |2|]). Setting 
the acceleration length d a — 1220 m (see Fig. 2) and Iq — 5 kA, numerical 
analysis shows that our initial conditions a, - 0.05 and (Ay), - 1 yield, at 
the entrance of the collimator z = d c , a(d c ) - 0.03 and Ay(d c ) - -6. 
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The nominal value of the compaction factor of the collimator is set to 
zero, with possibility of fine tuning around this value of about ±100 /jm. 
Taking advantage of this possibility and setting - +50/mi, at the exit 
of the collimator one obtains a density modulation a c — -0.1, whereas the 
energy modulation remains unvaried (Ay) c - -6. 

Further on, energy and density modulation should be propagated through 
a straight section followed by the main XFEL undulator. Propagation can 
be performed using the same set of equations Eq. (2) and Eq. (4), setting 
g = 0, using an energy of 17.5 GeV and an average value of the betatron 
function /3 = 20m. This gives only a correction to the energy modulation, so 
that at the entrance of the XFEL undulator, at z = d u , one still has a(d u ) 
-0.1, while Ay(d u ) - -5. Decrease of the energy modulation is related to 
an advantageous initial phase of plasma oscillation at the entrance of the 
straight section. Numerical analysis shows that such an energy modulation, 
being smaller than the foreseen XFEL spectral bandwidth 0.08% [2], will not 
alter the XFEL process (see Figs. 4 and 5). 

Similarly as before, the passage in the main XFEL undulator has the effect 
of decreasing the energy modulation level, too. Moreover, although the 
undulator is shorter than the straight section preceding it, the effect on 
the energy modulation is stronger. In fact, the longitudinal Lorentz factor 
y x = y I Vl + K 2 /2 should be used in the undulator instead of y (see reference 
||20(]). Since K = 3.3, y 2 and y\ differ of about an order of magnitude, hence 
the different influence of the undulator compared with the straight section. 
In the undulator, Eq. (2) and Eq. (4) are modified to 



dai 
dz 



1 Ay 

^yyl 



and 



(5) 



dAy afe) I 
dz Kyi I 



-exp 



^ym. 



o, 



K 2 yoyl 



(6) 



Solving numerically with previously found initial conditions a(d u ) and 
Ay(d u ), and using /3 = 40m, one finds the energy and density modulation 
levels at the radiator entrance, a.t — -0.1 and (Ay)/ - -2. 

As a final remark it should be noted that, pending design finalization, the 
value may be set to any value from -1 mm to +1 mm, different from the 
nominal value R^ = 0. Depending on this value and, possibly, using the fine 
tuning option to increase or decrease the R^ value up to ±100 i um, different 
initial conditions should be set to obtain acceptable values for af and (Ay)/. 
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Fig. 4. Dependence of the FEL output power on the energy modulation for undu- 
lator SASE 1 at the European XFEL [2]. Amplitude and period of electron bunch 
modulation are 10% and 400 ran, respectively. Radiation power is normalized to 
saturation power for an unperturbed bunch. Simulations have been performed 
with the code FAST Hi- 
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Fig. 5. Normalized spectrum of the FEL radiation pulse at zero energy modulation 
(left plot), and at Aymc 2 = 4 Mev (right plot). Numerical example corresponds 
to undulator SASE 1 at the European XFEL [2]. Amplitude and period of elec- 
tron bunch modulation are 10% and 400 nm, respectively. Simulations have been 
performed with the code FAST [21|]. 
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For example, if = +1 mm, setting ci( = and (Ay), - 0.3 (corresponding 
to about 0.15 MeV) would yield Uf - -0.1 and (Ay)f - 6, corresponding to 
about 3 MeV energy modulation, which is perfectly compatible with our 
scheme. 

It follows that the optical modulator can induce about 10% density modula- 
tion at the entrance of the optical radiator, \af \ - 0.1, and acceptable energy 
modulation, independently of the design of the collimation section, without 
perturbation of the FEL process in the baseline undulator. 



4 Operation of the optical radiator 



After collimation we deal with an electron bunch modulated in density at 
optical wavelength. This wavelength is much larger than the geometrical 
emittance of the beam, and in our case the electron bunch can be consid- 
ered as a filament with no transverse dimension nor divergence, as far 
as optical wavelengths are concerned. An analysis of the problem in the 



space-frequency domain |22I1 shows that when a filament beam modulated 
in density passes through a given trajectory, it produces coherent radiation 
very much likely a single electron. In general, one needs to solve Maxwell's 
equation for given macroscopic sources. A paraxial treatment is possible, 
based on the ultrarelativistic assumption 1/y 2 «: 1. Consider the transverse 

components of the Fourier transform of the electric field. They form a vector 

■± 

E(r, z), dependent on transverse and longitudinal coordinates r and z. From 

^ -± 

the paraxial approximation follows that the envelope E = Eexp[— iz/X\, 
does not vary much along z on the scale of the reduced wavelength A. 

With some abuse of language we will indicate E as "the field". The field 
obeys the following paraxial wave equation in the space-frequency domain: 



D 



E(z,r,co) 



g(z,r,co). Here co = 2nc/A, and the differential operator D 

is defined by D = (v*j_ 2 + 2ico/c ■ d z j, V ± 2 being the Laplacian operator over 
transverse cartesian coordinates. The source-term vector g(z, r) is specified 

by the trajectory of the source electrons, and can be written in terms of 

-± 

the Fourier transform of the transverse current density, j(z, r, co), and of the 

charge density, p(z,r,co), as g = -47iexp [-icoz/c] {ico/c 2 ■ j - Vj_pj. Vector / 

-± 

and p are regarded as given data. In this paper we will treat j x and p as 
macroscopic quantities, without investigating individual electron contribu- 
tions. 

From the previous discussion it follows that, as concerns emission of co- 
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herent optical radiation, our setup reduces to an upstream bending magnet 
(corresponding to the last bend of the collimator) followed by a straight sec- 
tion, an undulator (the main SASE 1 undulator), a second straight section 
and a downstream separation bending magnet, which divides the electron 
beam from the XFEL pulse (see Fig. 2). We picture the upstream bending 
magnet as a "switch-on" of both harmonics of the electromagnetic sources 
and of the field. Similarly, the downstream bend enforces a "switch-off" 
process. 



When a modulated beam passes through a straight section limited by up- 
stream and downstream bending magnets, it produces edge radiation (see 
among others, |23l, \24A\ and references therein). In our case, trajectory from 
the collimator section up to the beam dump is more complicated than a 
single straight section limited by bending magnets, but conceptually the 
mechanism of radiation production is the same. Moreover, the influence of 
bending magnet radiation to the field contribution can be shown to be neg- 
ligible. To see this, it is sufficient to compare the radiation formation length 
of the field associated with bending magnets with the radiation formation 
length of the shortest straight section. Deflection introduced in the collima- 
tion section corresponds to a bending radius of 400 m. Deflection introduced 
between SASE 1 and SASE 3 corresponds, instead, to a bending radius of 
about 200 m. For a wavelength A = 400 nm and bending radius R = 400 
m we obtain the longest formation length (AR 2 ) 1 ^ 3 - 0.2 m. For the shortest 
straight section of length L = 200 m, the edge-radiation formation length 
would be min[L, 2y 2 A] = 2y 2 A - 150 m, which is about 10 3 times longer than 
the formation length for the bends. It follows that field contributions from 
bending magnets can be neglected with an accuracy 10" 3 , and a sharp-edge 
approximation applies. 



Understanding the operation of the optical radiator is made simpler with the 
help of the theoretical study in reference [25]. In that reference we showed 
that radiation from an ultra-relativistic filament beam along the trajectory 
specified above can be interpreted as radiation from three virtual sources, lo- 
cated at specific longitudinal positions. Specification of these virtual sources 

amounts to specification of three field distributions E(r, z s ) at three distinct 
locations z s . In principle these locations are a matter of taste, but there 

are particular choices of z s where E(r, z s ) exhibit plane wavefronts and are 
similar to waists of laser beams. In the case under study these privileged 
longitudinal positions are the center of the straight sections and the center 
of the undulator. Let us indicate with Li and L 2 the lengths of upstream and 
downstream straight sections, with L w the length of the main XFEL undu- 
lator and set z = in its center. In this case, the three sources are located at 
z s i = -(L w + Li)/2, z S 2 = and z S 3 = (L w + L 2 )/2. Since the virtual sources 
exhibit plane wavefronts, they are completely specified by real-valued am- 
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plitude distributions of the field. In the case of a single electron, these were 
derived from the far zone field distribution and were found to be [25]: 




exp 



(7) 



E 2 (z s2 , r) = ~ 



2ncA 2 



dd 6 sine 



L- w 6 
. A 



+ 



exp 



LA- 9 



(8) 



and 




'IncX 2 



exp 



(9) 



Note that the field is radially polarized. Aside for a different phase, Eq. 
(7), Eq. (8) and Eq. (9) have a similar mathematical structure. However, for 
SASE 1, K = 3.3, so that y\ = y 2 /(l + K 2 /2) is about an order of magnitude 
smaller than y 2 . It follows that the second term in the sinc(-) function of 
Eq. (7) or Eq. (9) is much smaller than the analogous term in Eq. (8). In 
particular, for our study case we have Li/(4Ay 2 ) = 0.97 and L 2 /(4/ty 2 ) = 0.67 
of order unity, but L z „/(4Ay 2 ) = 4.3. As a result, the sinc(-) function in Eq. 
(9) is strongly suppressed, one may neglect the virtual source located in the 

center of the undulator and let E 2 (z s2 , r) = 0, at least in first approximation. 

-» 

It should be remarked that the virtual source E 2 is responsible for a field 
contribution known as transition undulator radiation. Typical expressions 
for TUR emission |26l,l27U28l1 consist of relations for the energy distribution 
of radiation in the far zone that account for the presence of the virtual source 
at z S 2 alone, without considering further contributions due to other elements 
in the beamline, e.g. the straight sections in our case. As it was shown in [29(] 
and [25] these expressions have no physical meaning. In our study case, as 
we have just seen, the contribution from transition undulator radiation can 
be even neglected. 



We are thus left with the contributions from two virtual sources located at 
z s i and z S 3, accounting for edge radiation emission from the straight lines 
before and after the undulator. However, the contribution from the upstream 
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straight section will be strongly suppressed by a photon stop inside the main 
undulator, whose main function is that of absorbing spontaneous radiation 
background. Moreover, an extra photon stop might be installed at the exit 
of the main undulator, absorbing all but the SASE pulse. As a result, one 
has to deal with the simple situation where the optical radiator is composed 
by a single straight section limited by bending magnets downstream of 

the main undulator. Since E(r,z s ^) is known, free-space propagation from 
the virtual source through the near zone and up to the far-zone can be 
performed with the help of the Fresnel propagation as it is done for usual 

laser beams ||22ll . The only difference is in the peculiar shape of E{r,z s ^), 
which reflects the particular trajectory followed by the filament beam. It is 
important to realize that the first optical element of the optical beamline will 
be placed at about 300 m from the end of the straight section. Such distance 
is comparable with the straight section length. Thus, one needs to know 
how edge radiation propagates in the near zone in order to characterize the 
pulse at the optical element position. In this regard, it should be stressed 
that Fresnel propagation allows one to calculate the electric field not only in 
the far zone, but in the near zone too, solving the full problem of free-space 
propagation. 

In principle, one may directly propagate Eq. (9). However, the integral in dd 
cannot be solved analytically. Numerical evaluations are simplified with the 



help of reference ||25j], where we showed that the virtual source in Eq. (9) is 
equivalent to two virtual sources located at the edges of the straight section. 
These two sources still present a plane wavefront, and they can be described 
analytically in a simple way in terms of the modified Bessel function of the 
first order Ki(-). It is convenient to adopt this picture for computational 
purposes. Shifting, for simplicity, the origin of the longitudinal axis in the 
center of the downstream straight section and letting L = L 2 we can write 
the two virtual sources as ||25ll : 



~(L -\ _2ie 



iL 



'4y 2 A 




(10) 



Fresnel propagation can now be performed, and the radiation energy den- 
sity can be calculated as JzHl 



F(z,r) (11) 
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Fig. 6. Contour plot of the spatial distribution of radiation simulated with the help 
of the SRW code at the position of the first optical element, z = 400 m. 
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(12) 



Since we are interested in the radiation energy from a filament beam with 
a given longitudinal profile, we should multiply the single-electron result 
by the squared-modulus of the Fourier transform of the temporal profile of 
the bunch. Near the modulation frequency c/K, a bunch with modulated 
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Fig. 7. Photon density distribution as a function of the radial position at the first 
optical element, z = 400 m. The solid line has been calculated with the help of 
Eq. (12). Black and white circles are obtained by cutting the contour plot in Fig. 6 
respectively along the horizontal and vertical axis. 

Gaussian temporal profile and rms duration Oj gives 



m = 



.exp 



+ exp 



a\ / c ^ [ 

-— \0) + - 



X 



(13) 



where f(co) is the Fourier transform of the temporal profile of the bunch and 
N is the number of electrons in the bunch. 



In order to calculate the spatial density distribution of the number of photons 
per pulse we should integrate Eq. (11) in dco. Since we are interested in 
coherent emission around the modulation wavelength, we can consider the 
wavelength in Eq. (11) fixed. This amounts to a multiplication of Eq. (11) by 



dco\f{co)\ = —^ L , (14) 







leading to 
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Transport and emergency way 
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Fig. 8. Schematic representation of the optical transport system in the European 
XFEL. 

dN u a/tt N 2 aa 2 f 

where a = e 2 /(hc) = 1/137 is the fine structure constant. 

We considered (see |2]) the case for \aj\ = 0.1, L = 200m, o T — 80 fs and 
N — 6 • 10 9 (i.e. about 1 nC). Since the first element of the optical beamline is 
foreseen to be placed at about 300 m from the separating magnet (see Fig. 2 
and Fig. 8), and since we measure z from the center of the straight section, we 
set our observation plane at z = 400 m. Then we use Eq. (15) to calculate the 
photon density distribution. We cross-checked our analytical results with 
the code SRW [30]. A contour plot for the photon density distribution as 
calculated from SRW is given in Fig. 6. Horizontal and vertical cuts along 
the contour plot are compared with Eq. (15) in Fig. 7. The total number of 
photons between the first two minima of the distribution function (at r = 
cm and r - 2.2 cm respectively) is obtained integrating in dS. For parameters 
selected above, N p u - 2 ■ 10 12 photons. 

The optical pulse must be transported to the experimental area preserving 
relative synchronization with the XFEL pulse. The most convenient way 
to accomplish this task is to use the same physical support for both x-ray 
and edge-radiation optics, e.g. assembling mirrors for the transport of edge 
radiation directly on x-ray optical elements. In this way, mechanical vibra- 
tions of the transport system will not affect relative synchronization of the 
two pulses. A scheme of the XFEL optical system is sketched in Fig. 8. As 
mentioned before, the first optical elements will be located about 300 m 
downstream of the separation magnet. Once edge-radiation is transported 
to the experimental area, single-shot cross-correlation with the pump-laser 
pulse can be performed, yielding the time delay between the pump-laser 



and the XFEL pulse. As discussed before, in reference |14(1 a measurement of 
the time-offset signal between two ultrashort laser pulses was experimen- 
tally performed based on sum-frequency generation in a non-linear crystal. 
The intrinsic accuracy of the method is in the femtosecond range. Actual 
measurements were successfully performed even when one of the two laser 
pulses is very weak, up to 10 6 photons per pulse. This sensitivity allows our 
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method to be employed even if a large number of optical photons are lost, 
from the total of 10 12 photons per pulse, during the transport process along 
the optical system. 



5 Conclusions 

Our analysis demonstrates the feasibility of pump-probe experiments at 
XFELs with femtosecond temporal resolution, based on timing of XFEL 
pulses to optical pulses from an external pump-laser. The proposed scheme 
does not require absolute synchronization of pump and probe pulses. Syn- 
chronization in the sub-picosecond range, which has been experimentally 
demonstrated, is sufficient for its operation. 

The present study includes an analysis of physical principles of operation, 
which are clear and transparent, and of fundamental physical effects of 
importance for the operation of the proposed time-arrival monitor. 

Technical realization will be rather simple and cost-effective since it is es- 
sentially based on technical components (optical-replica synthesizer) being 
already included in the design of the European XFEL. Baseline parameters 
of the European XFEL were used in our analysis. Thus, the proposed scheme 
can be implemented at the first stage of XFEL facility operation. 
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